When drilling an oil well, a viscous fluid is injected to aid drilling. This fluid is also responsible for removing the cuttings and maintaining structural stability of well. The rheology of this drilling fluid has a direct influence on the cleaning of the well, on the dynamics of the fluid in pipe and annular areas. Linear mathematical extrapolations for high pressure and high temperature environments can lead to rheology errors up to 75%. In this study, a finite volume model was developed to simulate the flow of a waterbased mud in annular and jetting environments in the drilling environment. Annulars were made by steel pipes and permeable formations. The fluids evaluated were developed empirically with xanthan gum and bentonite clay. The numerical results are consistent with literature and represent characteristics of a Yield Power Law fluid and a Bingham plastic. A comparison was made with water, allowing a correlation between rheological effects and fluid dynamics in annular and high vorticity regions.
INTRODUCTION
Despite the increasing challenges in obtaining oil, it remains an essential raw material with a strong economic impact in our society. As a result, in an attempt to overcome such difficulties, researchers work continuously on developing rapid technological adaptations for drilling into deeper and more extreme wells. Shadravan and Amani (2012) mentioned that several researchers agree that new reservoirs will present growing difficulties in obtaining oil, compelling the industry to seek more precise and reliable techniques to ensure the viability of fields.
During oil well drilling, a viscous fluid, known as drilling fluid, is continuously injected downwards from the surface into the piping (drill string), exiting through the drill bit. This fluid carries, to the surface, solid rock formation debris capable of interfering with drilling. The rheology of a drilling fluid has a direct influence on the dynamics of the fluid in pipes and annulars. This is the equivalent to circulating density and the optimization of the mud circulation system (API 13D, 2009).
The flow of a fluid between the walls of two tubular elements (concentric or eccentric), the annular flow, often is found in industrial situations (Hanks, 1979) . In well drilling, this type of flow usually occurs between the drill string (such as inside diameter) and the open well, casing, or drill riser.
Numerical simulations can contribute to predicting future process behaviors. The evolution of such simulators and of the mathematical equations on which they are based are important to finding solutions to the increasing challenges encountered in drilling wells. Computational fluid dynamics (CFD) is a powerful tool for modeling fluid flow from mass, energy, and momentum balances (Chung, 2010 ).
An aqueous drilling fluid based on bentonite clay and xanthan gum was developed in laboratory. Its rheological properties were measured to feed a numerical finite volume model, with the computational fluid dynamics package Ansys, to study the flow of this non-Newtonian fluid in an annular environment. The model used conditions that simulated a well in a state of drilling at two different depths, one with the presence of an intermediate casing and the other in a well opened to rock formation.
In laminar flow, the fluid layers move like sheets of paper in a large ream. The movement is sheet by sheet, in this case, layer by layer, so that there is no macroscopic mixture (unlike the turbulent flow) with parabolic velocity distribution in steady state inside circular tubes. The maximum velocity is at the center of the flow and minimum velocity is at neighboring of the tube walls, as shown in Figure 1 .
According to Machado (2002) , all fluids with a variable relationship between shear stress and shear rate, considering isothermal and isobaric conditions and laminar flow, is considered non-Newtonian. Therefore, the viscosity of these fluids is not constant, varying with the magnitude of the shear rate.
Fluids with so-called yield stress limits (such as Bingham plastic fluid or Herschel-Bulkley fluid) require a minimum shear stress to initiate shear flow. Before reaching this flow limit, the fluids behave as a mediator between fluid and solid flowing in plug form. The flow occurs without relative slippage between the innermost fluid layers, as can be seen in situations involving toothpastes, for example. For this purpose, it is necessary to have a finite and non-null yield stress in the fluid (Machado, 2002) . This phenomenon occurs at extremely low speeds or in fluids highly resistant to self-flow, and it refers to that observed in Figure 2 .
Bingham's plastic fluid can be mathematically defined by equation (1), where refers to shear stress, is shear rate, is plastic viscosity, and is yield stress limit (since :
(1)
In the case of fluids that present power behavior, Ostwald de Waele model enables an exponential relationship between stress and shear rate, where is called the consistency index and is the behavior index:
(2) Both rheological models involve two-parameter equations (flow limit and plastic viscosity in first case and indexes of consistency and behavior in the power fluid). Oil well drilling fluids usually present flow limit, but also power behavior. With this in mind, neither of the two models recognize and characterize a significant part of the drilling fluids. Therefore, the Herschel-Bulkley model was proposed as a model that encompasses the two parameters (Herschel & Bulkley, 1926) . This model, also called the Yield Power Law (YPL) model, encompasses the behavior index to Bingham's plastic equation in the form:
(3)
The largest drop in pressure in circulation system (50 to 70%) occurs in drill jets, where the abrupt reduction and expansion of the transverse area generates intense pressure differentials. This behavior should be observed, therefore, in the fluid dynamic aspect of jetting in drill region.
The development of a fluid dynamic profile in drill region turned out to be of a different complexity than other areas. The numerical instability generated by intense changes in crosssectional areas, as well as shock of fluid at high velocity in normal plane to the flow stimulated the use of a simpler geometry of a drill with three jets without inclination.
Due to a lack of studies on fluid dynamics under extreme conditions. Also, considering that HPHT wells require about 30% more time for drilling, triple non-productive time and higher frequency of kicks, several researchers have dedicated themselves to studying the feasibility of extrapolations of rheological and fluid dynamic parameters under these conditions (Rassenfoss, 2014).
According to Rassenfoss (2014), when tests were carried out to verify whether hydraulic models could simply be extrapolated to HPHT conditions, mathematical predictions for density had errors of about 50%, while viscous conditions had errors of almost 75%. From real data it was possible to elaborate new equations with good correlations, but consistent only with the extrapolations already made. Nevertheless, the problem of finding solutions to new configurations and extrapolations persisted. Lee et al. (2012) studied the rheology of oilbased drilling fluids under extreme HPHT conditions (above 30,000 psi and 500ºF or 260 °C) using four different HPHT viscometers. The authors generated a simple mathematical model to measure the rheology of reverse emulsions (oilbased fluids) under extreme conditions. Their tests indicated that several factors can influence rheological measurements, such as the chemistry of the drilling fluid and the configuration of the equipment.
Rheology and hydraulics in the drill region are essential for the cleaning of the well since they allow a higher penetration rate of the drill. Well cleaning refers to the transport and suspension of cuttings by the drilling fluid. Inefficient well cleaning can lead to serious problems such as column entrapment, premature wear, reduction in penetration rate, torque, and difficulties in conducting drilling and liner installation.
Among important variables for optimizing well cleaning (Cameron, 2001) are hydraulic pressures, pressure drops, rheological properties, and efficiency in transporting solids. The so-called sliding speed, a parameter related to the cleaning of the well, reduces significantly with the increase of the mud flow, so that there is an increase of the cuttings transport (Lim & Chukwu, 1996) .
In addition, it is important to understand the phenomenon of drilling at great depths in accordance with what was previously stated. Pressure and temperature conditions influence mud rheology and hydraulic complexity. These conditions can possibly affect the rate of penetration and the ability to drag solids at great depths. The fluid output in the drill region registers important vorticity effects that would negatively influence, for example, the calculation of the pressure drop in the region near the drill.
According to Moslemi and Ahmadi (2014), the cuttings transport rate (one of the most important performance variables of a drilling fluid) is linked directly to jet velocity and depends on the density and rheology of a drilling fluid (Caenn et al., 2011). The global criteria for optimization of drill hydraulics was established by Kendall and Goins Jr. (1960) and has a significant influence on the hydraulics of the drill region.
METHODOLOGY
The ANSYS computational package 13.0 and its modules were used to process computational fluid dynamics in four macro-stages: physical definition of the problem, pre-processing, solver, and postprocessing, according to the flowchart in Figure 3 . 
Physical definition
It is considered a rocky region in which a drilling well was generated. The depth of oil wells can reach a few kilometers deep, so modeling the entire geometry is not feasible as it would take an unreasonable time and effort to compute it. Thus, two depths were considered: one for annular flow between the column and the intermediate lining and one in the drill region to visualize turbulent blasting effects at the exit of the column, as shown in Figure 4 .
Thus, two experimental fluids were planned for the study: a Bingham plastic fluid (Fluid 1) and a yield power law (Fluid 2). These fluids were prepared in Laboratório de Reservatórios e Poços (LERP) from the Federal University of Alagoas (UFAL), Brazil, with the compositions shown in 
Some simplifications were adopted aiming at saving computational resources and complexities not inherent to the proposed work, among other possible contingencies:
i. Constant permoporous properties in rock formation. Directional variations of porosity and permeability would make the model more complex and challenging, and the focus of the work is not on horizontal flow. ii. Absence of chemical interactions. Chemical reactions would increase the complexity of the model and the work was based only on the physical interaction of the fluid with the adjacent domains. iii. Heat exchange neglected. The heat transfer equations would considerably increase the demand for computational effort so that the evaluated domains were considered in an isothermal state during the tests, which is a reasonable simplification given the short dimensions considered. iv. Neglected buoyancy. For dealing with small dimensions, the buoyancy was neglected.
Tests performed with the model showed no difference in results, despite causing horizontal anisotropies. 
Geometric model, mesh, and domains
For two kilometers depth, an intermediate casing (20 inches of inside diameter and 1" thick) is considered to form an annular with the drill string (4 inches outside diameter), as shown in Figure 5 , thus, forming a 301.6 square inch annular.
While in upper depth only the ascending fluid flow is considered; in the four-kilometer depth, the end of the descending flow is considered. It exits through a simplified drill with three equidistant vertical holes. It presents an ascending turn through the region formed between the column (with now 8" of outer diameter) and the adjacent porous domain with 13.625", 2e-14 m² of permeability (0.0203 Darcy) and 20% of porosity (assuming the existence of an obturing cake with low permeability). Both geometries are 250 inches in total length. Figure 6 shows the dimensions in the lower depth.
Both the solid (referring to drill strings and casing) and porous domains (rock formation adjacent to the 4 km depth) maintained initial refinement (aiming at reducing computational effort). In the case of fluid domains, maximum element sizes were defined as a refinement control function. A mesh study was performed considering the limits of maximum element size, number of elements generated in the fluid domain, amount of RAM required by the machine, and the time required for convergence, as shown in Table 2 . For the analysis of the results, the pressure drop between two planes arranged at 0.2 and 6.2 meters from the origin was evaluated in the case study of two kilometers of depth, and the maximum refinement supported by the RAM in the case of four kilometers.
Comparing the results with each other as a reference, the best equilibrium between number of elements and computational effort achieved was between the tests with 7.0 and 7.5 millimeters of maximum element size. As the time and RAM requirement between both cases were similar, the 7.0 mm mesh was chosen to better represent the pressure drop (closer to the trend for the most refined meshes). Adopted limits and quantities of elements are shown in Table 3 . at 2 km and 2.6101 m/s at 4 km. In this case, the descending inlet velocity (inside drill pipe) is considered, before the fluid flows internally through the pipe and exits the drill to the annular domain. Residual RMS (root mean square) limits of 10 -10 (from which no quantitative variations greater than 0.01% were perceived) or 400 maximum iterations (in the case of 4 km, where RMS was not reached) were established. In addition, the High-Resolution advection scheme was adopted because it presents high precision even in discontinuities and trilinear interpolation schemes (in detriment of linear-linear interpolations) for pressure and velocity. In addition, parallelization was adopted to reduce the physical time of the solution. 
Mathematical modelling

RESULTS AND DISCUSSIONS
Even with the geometric simplification employed in this study (three holes aligned parallel to the internal flow), the current lines caused by the jet resemble those found by Moslemi and Ahmadi (2014). However, one can observe a greater flow development (due to the longer distance between the outflow jet and the bottom of the well) permitting a better visualization of turbulent and shock effects and, subsequent, mud return through the annular region.
As performed with Fluid 2 (YPL), we conducted a test simulation with water flow (therefore a Newtonian fluid) in the flow outlet environment through the drill holes in the 4-kilometer blasting region. Due to the area reduction in the region of the holes, there was a dizzying increase of speeds (which reached about 240 m/s) so that it would not make sense to show a color scale varying from the minimum to the maximum (0 and 240 m/s respectively). The speed scale was chosen to show the speed differences inside and outside the drill string and, therefore, Figures 9 and 10 indicate the current lines for both cases with limited color scales from 0 to 5 m/s. All regions with higher speeds are displayed with the same red color.
In comparison, the flow with non-Newtonian fluid was much more uniform, with several regions with closer velocities, indicating less dispersion and lower vortices. The velocity limits were quantitatively similar for water and Fluid 2, but with varying distributions. This demonstrates more clearly regions with a greater diversity of flows, since the limited turbulence allows better continuous visualization of currents.
Furthermore, it is important to evaluate the fluid dynamic behavior of the drilling fluid in the fully developed annular flow, since the velocity profile must have plug flow due to the existence of yield stress limit, as shown in Figure 2 .
An experiment was conducted to confirm this difference in flows. A simple tubular geometry where two fluids, a Newtonian (water) and a non-Newtonian with yield stress limit flow (the drilling fluid prepared for the work) unifasically in the same geometry in transient regime to allow the observation of the movement of layers. Both fluids should have a similar Reynolds number, thus, ensuring that the only variable to influence the difference between the flows is their rheology, as shown in Table 4 .
It was considered a pipe with 8 centimeters (0.08 m) in diameter and half meter (0.5 m) length. Also included in post-processing were two planes discarding 10% (5 cm or 0.05 m) of entry and exit (to avoid effects of mesh ends). The average velocity was calculated as the average between the average velocities calculated in both planes evaluated, and the pressure drop is equal to the pressure difference measured in these two planes. Figure 11a demonstrates the well-known laminar flow of the Newtonian fluid while Figure  11b indicates a typical plug behavior of fluids with yield stress limit, such a fluid made with xanthan gum and bentonite clay. It is, thus, possible to understand the considerable difference between the flows already well developed mathematically (Bird et al., 2002) . According to Figures 7 and 8 , this behavior should be extended to the flow within an annular.
With the implementation of the final geometric model, an effect equivalent to Figure 8 should be found demonstrating the so-called "plug flow region" (between ) centralized and the "plastic flow regions" (between and ). The region where the shear stress is null ( ) is called yield surface and in a situation of coaxial pipes is displaced to the central axis. Geometrically, it is not a very noticeable effect, as illustrated in Figure 12 , but it is visible (in While Figure 12 refers to the non-Newtonian behavior in an annular (as shown in Figure 8 ), Figure 13 indicates the Newtonian behavior of water allowing one to notice the displacement of the maximum velocity tending to internal radius, as shown in Figure 7 .
In annular environments, turbulence is harmful and can impact the structural stability of formations. The ability of a drilling fluid to ensure stability during drilling is one of the most relevant criteria for its selection. At the bottom of the well, it is important to have greater movement of particles, i.e. turbulence, to avoid fluid preferential paths that could keep the cuttings interfering in drilling. However, excessive vorticity also does not guarantee good well cleaning and should be controlled for the sake of drilling (Lim & Chukwu, 1996).
CONCLUSIONS
As mentioned previously, rheological conditions are very dependent on thermal and compressive variations, and these rheological relations have a significant influence on fluid dynamics. In addition, there is still a long way to go to ensure safe extrapolations of these property relationships so that numerical studies of these behaviors can help, but not replace empirical viscosimetric tests. The finite volume model was successfully developed with initial and boundary conditions based on empirical tests. This model allowed us to evaluate the fluid dynamic flow of a drilling mud under annular conditions and in jetting region, representing the descriptions found in the literature. Rheological conditions of the fluid were measured in laboratory using a viscosimeter and shall assist in extrapolation of fluid dynamic parameters under extreme temperature and pressure conditions. A comparison of flows between a Newtonian fluid (water) and two non-Newtonian yield fluids (represented as Bingham plastic and Herschel-Bulkley) was performed. A good understanding of fluid dynamics in the drill region is important to measure the well cleanliness. This ensures good drill activity, optimizing rate of penetration (ROP).
Thermal and compression conditions in ultradeep regions are a latent challenge of both equipment and rheological behavior. Significant academic efforts have been made to model the hydraulic behavior in these conditions. Numerical simulations can favor an accelerated advance in the comprehension of these conditions as long as they are aligned with reliable experimental data.
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